Hydroxyl groups were introduced onto polyurethane surfaces through 1,6-hexamethylene diisocyanate activation, followed by diethanolamine hydroxylation. Polymethacrylamide was covalently attached to the hydroxylated polyurethane through surface grafting polymerization of methacrylamide using cerium (IV) ammonium nitrate as an initiator. After bleach treatment, the amide groups of the covalently bound polymethacrylamide chains were transformed into N-halamines. The new N-halamine-immobilized polyurethane provided a total sacrifice of 10 7 -10 8 colony forming units per milliliter of Staphylococcus aureus (Gram-positive bacteria), Escherichia coli (Gram-negative bacteria), and Candida albicans (fungi) within 10 min and successfully prevented bacterial and fungal biofilm formation. The antimicrobial and biofilm-controlling effects were both durable and rechargeable, pointing to great potentials of the new acyclic N-halamine-immobilized polyurethane for a broad range of related applications. of Bioactive and Compatible PolymersLuo et al.
Introduction
Polyurethane (PU) is one of the most versatile polymers for industrial, institutional, environmental, and medical applications. [1] [2] [3] Unfortunately, in many of such applications, microbial adhesion and biofilm formation on polymer surface is a serious concern, which can damage pipes, block filters, cause spoilage of foods, and lead to device-related infections. [4] [5] [6] [7] [8] [9] As a result, there is an urgent need in the development of antimicrobial polymers, including antimicrobial PU, for a broad range of
Materials and methods

Materials
The polyether-based thermoplastic PU was supplied by A-dec (Newberg, OR, USA). 1,6-Hexamethylene diisocyanate (HDI), Tin(II) 2-ethylhexanoate, toluene, tetrahydrofuran (THF), and diethanolamine were purchased from Sigma-Aldrich (St. Louis, MO, USA). Cerium (IV) ammonium nitrate (CAN) and MAA were provided by VWR International, Inc. (West Chester, PA, USA). Toluene and diethanolamine were dried with 4 Å molecular sieves for 24 h before use. MAA was purified by recrystallization from distilled water. Other chemicals were used as received. The bacterial and fungal species were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA).
Instruments
Attenuated total reflectance (ATR) infrared spectra of the samples were recorded on a Thermo Nicolet Avatar 370 Fourier transform infrared (FT-IR) spectrometer with ATR accessory (Woburn, MA, USA). X-ray photoelectron spectra (XPS) of the samples were obtained by using a PHI 5700 X-ray photoelectron spectroscopy system equipped with dual Mg X-ray source and monochromated Al X-ray source. Scanning electron microscopy (SEM) studies were performed on a LEO 1530 SEM.
Surface hydroxylation of PU (PU-OH)
PU films were obtained by solution casting. In a typical run, 2.0 g PU was dissolved in 20 mL THF at room temperature. After filtration, the PU solution was poured into a glass dish (100 × 15 mm 2 ) and allowed to dry in a fume hood overnight at 25 C and 50% relative humidity (RH), followed by drying under vacuum at 40(C for 24 h. The resulting film was uniform with a thickness around 0.15 mm.
Hydroxyl groups were introduced onto PU surface through a two-step procedure. In the first step, HDI was dissolved in toluene at a volume ratio of 1:10. PU films (2.0 g) were immersed into 50 mL of the HDI-toluene in a 250-mL three-neck round flask with the presence of 0.25 % (v/v) Tin(II) as a catalyst. 20 The mixture was stirred under N 2 atmosphere at 70°C for 1 h. The isocyanate-containing PU (PU-HDI) films were taken out and washed repeatedly with toluene under sonication to remove unreacted HDI. The -NCO content on the surface of PU-HDI was determined by dibutylamine (Bu 2 NH) reaction in anhydrous toluene followed by back-titration of the remaining Bu 2 NH with hydrochloric acid in anhydrous ethanol using bromophenol blue as an indicator, as reported previously. 20 In the second step, 1.5 g PU-HDI film was immersed into 50 mL toluene containing 10 % (v/v) diethanolamine at 50°C for 3 h under N 2 atmosphere. At the end of the reaction, the films were ultrasonically washed with ethanol to remove unreacted diethanolamine, air dried overnight, and vacuum dried at 50°C for 24 h. In some runs, the hydroxylation process was repeated one or two more times to investigate the effects of hydroxylation on MAA grafting (see the section below).
Grafting MAA onto PU-OH (PU-MAA)
MAA was grafted onto PU-OH using CAN as an initiator. 23, 24 Briefly, 1.0 g of the PU-OH was immersed in 40 mL distilled water containing 0.04 mol/L of nitric acid and 0.004 mol/L of CAN under N 2 atmosphere. After the initiator reacted with PU-OH for 30 min, 10 wt% of MAA was added into the solution, which was stirred at 50 C for 3 h. At the end of the reaction, the grafted PU (PU-MAA) was taken out and washed thoroughly with distilled water at 60 C-70 C to remove the possible homopolymers and unreacted MAA. The resulting films were vacuum dried at 50 C for 3 days to reach constant weights.
Chlorinating the PU-MAA
To transform the amide groups of the grafted PMAA chains in PU-MAA into N-halamines, 1.0 g of the film was immersed in 30 mL diluted chlorine bleach (Clorox Company, Oakland, CA, USA) solutions containing 6000 ppm of active chlorine at ambient temperature for 1 h under constant shaking. After chlorination, the samples were washed copiously with distilled water (the washing water was tested with chlorine strips with an accuracy of 0.5 ppm of chlorine to ensure that most of the free chlorines were removed), air dried overnight, and vacuum dried to reach constant weights. The original PU films were chlorinated under the same conditions to serve as controls.
The active chlorine contents on the chlorinated PU-MAA were determined by iodometric titration. 23, 25 Briefly, 4.0 cm 2 of the chlorinated PU-MAA were cut into small pieces, which were treated with 1.0 g KI in 40 mL of distilled water containing 0.05 wt% of acetic acid at room temperature under constant stirring for 60 min. The formed I 2 was titrated by 0.001 mol/L of standardized sodium thiosulfate aqueous solution. The same amount of unchlorinated PU-MAA films were titrated under the same conditions to serve as controls. The active chlorine content on the chlorinated PU-MAA was calculated according to equation (1)
where [Cl] is the active chlorine content (µg/cm 2 ); V Cl and V 0 are the volume (mL) of sodium thiosulfate solutions consumed in the titration of the chlorinated and unchlorinated samples, respectively;
and S Cl is the total surface area of the chlorinated PU-MAA samples (cm 2 ). Each test was repeated three times, and the average was reported.
Antibacterial function
To ensure lab safety, the guidelines provided by the US Department of Health and Human Services were followed, 26 and appropriate personal protective equipment including gowns and gloves were used in all the microbial studies. E. coli (ATCC 15597, Gram-negative bacteria) and S. aureus (ATCC 6538, Gram-positive bacteria) were used to challenge the antibacterial functions of the N-halamine-immobilized PU. In the antibacterial tests, E. coli and S. aureus were grown in broth solutions (Luria Bertani (LB) broth for E. coli and tryptic soy broth for S. aureus) for 24 h at 37 C. The bacteria were harvested by centrifuge, washed with phosphate buffered saline (PBS), and then resuspended in PBS to densities of 10 7 -10 8 colony forming units per milliliter (CFU/mL). A volume of 100 µL of the freshly prepared bacterial suspensions was placed between two identical chlorinated PU-MAA films (2.0 ± 0.1 cm 2 ). After a certain period of contact time (5-60 min), the films were transferred into 10 mL of sterilized sodium thiosulfate solution (0.03 wt%) to stop the antimicrobial actions of the films to ensure that different samples are evaluated after the same contact time. The mixture was sonicated for 5 min and vortexed for 60 s. Our preliminary studies have demonstrated that sodium thiosulfate solution at this concentration could quench the active chlorines on the films without affecting the growth of the bacteria. The suspension was then serially diluted, and 100 µL of each diluent were placed onto agar plates (LB agar for E. coli and tryptic soy agar for S. aureus). CFUs on the agar plates were counted after incubation at 37 C for 24 h.
Chlorinated pure PU films were tested under the same conditions to serve as controls. Each test was repeated three times, and the shortest contact time that led to a total sacrifice of the microbial species was reported.
Antifungal function
C. albicans (ATCC 10231) was used as a representative example of fungi. In the antifungal tests, C. albicans was grown in yeast mold (YM) broth at 26 C for 48 h, harvested, washed, and resuspended in PBS to densities of 10 7 -10 9 CFU/mL, as described above. A volume of 100 µL of the freshly prepared fungal suspensions were placed between two identical chlorinated PU-MAA films (2.0 ± 0.1 cm 2 ). After a certain period of contact time, the films were transferred into 10 mL of sterilized sodium thiosulfate solution (0.03 wt%), sonicated for 5 min, and vortexed for 60 s. The suspension was then serially diluted, and 100 µL of each diluent was placed onto YM agar plates. CFUs on the agar plates were counted after incubation at 26 C for 48 h. Chlorinated pure PU films were tested under the same conditions as controls. Each antifungal test was repeated three times to determine the shortest contact time for a total sacrifice of the fungi.
Biofilm-controlling function
The ability of the chlorinated PU-MAA to prevent biofilm formation was evaluated by SEM analysis. In this study, E. coli, S. aureus, and C. albicans were grown, harvested, and resuspended as described above. Chlorinated PU-MAA films (1.0 ± 0.1 cm 2 ) were immersed individually in vials containing 5 mL of 10 7 -10 8 CFU/mL of E. coli, S. aureus, or C. albicans suspension in PBS. The vials were shaken gently at 37 C for 30 min. After shaking, each film was taken out of the bacterial or fungal suspension with sterile forceps and gently washed three times with PBS to remove nonadherent bacteria or fungi. The films were immersed into the corresponding broth solutions and incubated at 37 C for 48 h. After incubation, the films were washed gently with PBS and fixed with 2.5% of glutaraldehyde in 0.1 M sodium cacodylate buffer at 4 C overnight. At the end of the fixation, the films were taken out and washed three times with PBS, followed by gradient dehydration with 25%, 50%, 70%, 95%, and 100% ethanol (10 min at each concentration). 8, 27 The resultant films were dried and sputter coated with gold and observed with a LEO 1530 SEM. The chlorinated pure PU films were tested under the same conditions to serve as controls.
Stability and rechargeability of the N-halamines
To evaluate the stability of the covalently bound chlorines in the N-halamines under wet conditions, a series of chlorinated PU-MAA films (1.0 cm 2 ) were immersed in 10 mL distilled water under constant shaking (30 r/min) at ambient temperature. The water was changed weekly. The chlorine contents of the immersing water and the resulting films were titrated periodically over a 1-month period. The stability of the N-halamine-immobilized PU was also investigated under dry-storage conditions. A series of chlorinated PU-MAA films with known chlorine contents were stored under normal lab conditions (20 C-25 C) in open air in darkness. The chlorine contents and the antibacterial and antifungal functions were tested periodically over a 6-month storage period.
To test rechargeability, the N-halamine-immobilized PU films were first treated with 0.1 M sodium thiosulfate aqueous solution at room temperature for 24 h to quench the bound chlorine and then recharged using a 10% Clorox ® regular-bleach aqueous solution for 60 min. The chlorinated PU films were washed with distilled water, air dried, and then quenched and recharged again. After different cycles of this "quenching-recharging" treatment, the chlorine contents and antibacterial and antifungal functions of the resulting films were retested to fully evaluate rechargeability.
Results and discussion
Preparation of the N-halamine-immobilized PU
PMAA polymer chains were covalently linked to the surface of PU via HDI activation, diethanolamine hydroxylation, and CAN-initiated surface grafting polymerization of MAA monomers. The reactions were confirmed by ATR studies (Figure 1 ). In the spectrum of the original PU (Figure 1(a) ), the bands around 3420-3200 cm −1 were attributable to N-H stretching vibrations, the bands at 3000-2800 cm −1 were due to CH 2 and CH 3 stretching, the band at 1725 cm −1 was caused by C = O (amide I) stretching, and the signal at 1530 cm −1 was caused by N-H (amide II) deforming, in good agreement with the literature data. 20, 28 After HDI activation (Figure 1(b) ), in addition to the characteristic bands of PU, a new band at 2260 cm −1 could be detected, which was assigned to the stretching oscillation of free -NCO groups, suggesting that some HDI molecules contributed only one -NCO group to react with PU, leaving a free -NCO group on PU surface for hydroxylation with diethanolamine. Bu 2 NH titration showed that the PU-HDI prepared under our conditions had 0.028 µmol/cm 2 of free -NCO groups. After diethanolamine hydroxylation followed by MAA grafting (Figure 1(c) ), the 2260 cm −1 band disappeared, indicating that the free -NCO groups were consumed in the subsequent reactions. Because of the overlap of the amide signals of the grafted PMAA with the characteristic bands of PU, little difference could be detected between spectrum of Figure 1(a) and (c).
After chlorination reactions, the amide groups of the grafted PMAA chains were transformed into acyclic N-halamines, which was confirmed by XPS studies and iodometric titration. As shown in Figure 2 , in the XPS survey scans, the original PU (Figure 2(a) ) and the PU-MAA (Figure 2(b) ) showed peaks at 285, 403, and 533 eV, which were caused by C-1s, N-1s, and O-1s, respectively. Upon chlorine bleach treatment, some of the amide groups on the grafted PMAA side chains were transformed into N-Cl bonds. Consequently, a chlorine peak at 200 eV appeared in the XPS spectrum of the chlorinated PU-MAA (Figure 2(c) ), indicating that N-halamine structures were immobilized onto PU. Iodometric titration found that the chlorinated PU-MAA prepared under our conditions had 1.9 µ(g/cm 2 of active chlorine. Since antimicrobial and biofilm-controlling functions of the resulting N-halamine-immobilized PU could be directly affected by the active chlorine contents, various strategies were explored in our preliminary studies to control active chlorine contents on the chlorinated PU-MAA. It was found that the number of hydroxylation cycles could be used to control active chlorine contents. If the hydroxylation treatment was repeated one more time before MAA grafting and chlorination, the active chlorine contents on the resulting films could be increased to 2.6 µg/cm 2 . Furthermore, if the hydroxylation treatment was repeated two more times, keeping other conditions constant, the active chlorination contents could be markedly increased to 6.2 µg/ cm 2 . These findings were not surprising: since MAA grafting polymerization was initiated by free radicals formed by the reaction of the hydroxyl groups on PU-OH with CAN, 23 more hydroxyl groups could generate more macro-free radicals on PU-OH surface to initiate MAA grafting, which could lead to higher active chlorine contents after bleach treatment.
It should be mentioned that the original PU could also be chlorinated, but the active chlorine content was much lower. After the same chlorine bleach treatment, the original PU film had 0.069 µg/cm 2 of active chlorine, which disappeared after 1 week of storage in open air in darkness. These findings strongly suggested that the active chlorines on the chlorinated PU-MAA were mainly provided by the N-halamine structures of the grafted PMAA chains.
Antimicrobial and biofilm-controlling functions of the N-halamine-immobilized PU
The antimicrobial functions of the N-halamine-immobilized PU films were challenged with Gram-negative bacteria, Gram-positive bacteria, and fungi, using the chlorinated pure PU films as controls. The minimum contact time for a total sacrifice of each microbial species was determined. With 6.2 µg/cm 2 active chlorine, the N-halamine-immobilized PU provided a total sacrifice of 10 7 -10 8 CFU/mL of E. coli, S. aureus, and C. albicans in as short as 10 min. On the other hand, the freshly prepared chlorinated original PU films only provided less than 90% reduction of the same microbial species after as long as 8 h of contact. The potent antimicrobial activity of the N-halamine-immobilized PU films must be caused by the active chlorines, which could be transferred to the appropriate receptors in microorganisms. This effect could effectively destroy or inhibit the enzymatic or metabolic process of the species, leading to the inactivation of the bacteria and fungi. 16, 17 The potent antimicrobial activity of the new N-halamine-immobilized PU pointed to effective biofilm-controlling functions. To evaluate this effect, Figure 3 shows the SEM results of the films in biofilm-controlling studies. After 48 h of growth in the corresponding broth solutions, a large quantity of S. aureus (Figure 3(a) ), E. coli (Figure 3(b) ), or C. albicans (Figure 3(c) ) attached, aggregated, and formed layered structures on the original PU surfaces, indicating formation and development of biofilms. On the other hand, the surfaces of the chlorinated PU-MAA films were much cleaner (Figure 3 (a′) to (c′)). Very few of scattered microbial cells could be observed, and no biofilms were formed, suggesting powerful biofilm-controlling functions of the new N-halamine-immobilized PU against Gram-positive bacteria, Gram-negative bacteria, and fungi.
Stability and rechargeability of the immobilized N-halamines
In the water-immersion studies under constant stirring, the free chlorine content in the water was less than 0.5 ppm over the 1-month storage period (the water was changed weekly), and the immersed films retained over 93% of the original covalently bound chlorines. In the dry-storage studies, under normal lab conditions in darkness, after 6 months of storage in open air, the chlorine content and the antimicrobial activities against the bacterial and fungal species were essentially unchanged. Furthermore, after five cycles of the "quenching-recharging" treatments, the chlorine contents and antimicrobial activities of the new N-halamine-immobilized PU samples were unchanged, indicating that the antimicrobial function was fully rechargeable.
Conclusion
A polymeric N-halamine precursor, PMAA, was covalently linked to PU, a versatile polymer, through surface hydroxylation followed by CAN-initiated grafting polymerization of MAA. After a simple bleach treatment, the grafted PMAA chains were transformed into polymeric N-halamines, providing powerful, durable, and rechargeable antimicrobial activities against the tested Gramnegative bacteria, Gram-positive bacteria, and fungi. The new N-halamine-immobilized PU also prevented bacterial and fungal biofilm formation. Although more studies are needed to fully evaluate the new materials, our findings here pointed to great potentials of the N-halamine-immobilized PU as attractive candidates for a broad range of related antimicrobial and biofilm-controlling applications.
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